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Fe3O4 nanoparticles (NPs) have been widely used in biomedicine due to their unique magnetism, biocompatibility, and
biodegradability. Magnetic hyperthermia of Fe3O4 NPs for cancer treatment has attracted more attention. However, it could
interfere with magnetic field-sensitive devices of patients, such as pacemakers. Therefore, it is necessary to find a new method
for clinical therapy. In this study, the superparamagnetic Fe3O4 NPs were fabricated. Visible-near-infrared absorption spectra
indicated that the Fe3O4 NPs have near-infrared absorption. The influences of Fe3O4 NP concentrations, power density, and
wavelength of near-infrared laser irradiation on the photothermal performance of Fe3O4 NPs were investigated. The results
revealed that high concentrations, large power density, and short irradiation wavelength could improve the photothermal
performance of Fe3O4 NPs. The temperature variation and the absorption intensity simultaneously determined the
photothermal transduction efficiency of Fe3O4 NPs. The application of the photothermal performance of Fe3O4 NPs would
provide a new opportunity for clinic cancer treatment.

1. Introduction

In recent years, nanomaterials have been widely used in
photocatalysis [1–3] and electrochemical applications [4].
With recent nanotechnology developments, more and more
nanomaterials find their practical as well as potential applica-
tions in biomedicine [5–9]. One of such example is the appli-
cation of superparamagnetic Fe3O4 NPs for cell targeting,
drug delivery, magnetic resonance imaging, and magnetic
hyperthermal cancer therapy, all of which rely on unique
magnetic properties of Fe3O4 as well as its biocompatibility
and biodegradability [10–14]. Specially designed Fe3O4 NPs
and their composites demonstrating diverse performance
characteristics are promising prospects for theranostic appli-
cations [15–19]. However, using magnetic hyperthermia for
cancer treatment might not be applicable to a wide-enough
extent. For example, patients with implanted devices sensi-
tive to magnetic fields (e.g., pacemakers) cannot be treated
by the external magnetic field [20]. High-intensity magnetic
fields might bring other potential risks to patients.

Photothermal therapy (PTT) recently emerged as a
promising strategy to battle cancer [21–24]. It uses photo-

thermal agents to ablate cancer cells in combination with
near-infrared (NIR) irradiation to raise local temperature
around the tumour. Comparing with magnetic hyperthermal
therapy, PTT is more convenient and safer. Heat generated
from photothermal nanoagents irradiated by a laser is
directed exactly and precisely at the cancer cells, which sig-
nificantly reduces potential damage to surrounding healthy
cells and tissues. Ideal PTT agents not only absorb NIR but
also have high photothermal conversion efficiency. Numer-
ous PTT agents were extensively studied by other research
groups, such as noble metals (Au and Ag), carbon-based
material, and polymers [25]. All of these agents can absorb
NIR irradiation and convert it into heat.

Fe3O4 NPs absorb light in a wider range: from the visible
to the NIR part of the light spectrum. The energy absorption
of Fe3O4 NPs in the NIR region can be exploited. In addition,
electron nonradiative transition of Fe3O4 NPs in the NIR
region also releases thermal energy. The absorption at the
NIR region of Fe3O4 NPs is attributed to the indirect band
gap transition of Fe(III) 3d electrons. The electronic transi-
tions may contribute to the absorption of Fe3O4, namely, d-
d transitions of the Fe(II) and Fe(III) ions in the visible-
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NIR wavelength range [11, 26]. Thus, Fe3O4 NPs might
become next-generation photothermal agents for cancer
therapy. At present, a lot of effort was dedicated to combine
Fe3O4 NPs with other photothermal agents to achieve photo-
thermal cancer therapy [10, 15, 23, 27]. In these nanocom-
posites, Fe3O4 was only implemented to enhance magnetic
targeting and imaging of the composite. The photothermal
effect of Fe3O4 NPs was not considered at all. However, we
believe that individual Fe3O4 NPs acting as photothermal
agents could simultaneously achieve multiple functions,
which will help to avoid complex preparation of composites
for cancer therapy. Another very important aspect is superior
biosafety of Fe3O4 NPs in comparison to other photothermal
agents [28]. Fe3O4 NPs have excellent biocompatibility and
can be easily excreted from the body.

In this work, Fe3O4 NPs were fabricated by the thermal
decomposition method, after which water soluble nanocrys-
tals were obtained using the surface ligand exchange tech-
nique. Photothermal performance of the Fe3O4 NPs was
studied. Fe3O4 NPs were used for magnetic targeting photo-
thermal therapy against cancer cells using NIR irradiation.

2. Materials and Methods

2.1. Initial Chemicals. All initial compounds were analyti-
cally pure and used without any further treatment. We
purchased 1,2-hexadecanediol (90% pure), iron acetylace-
tonate (Fe(acac)3, 99.9% pure), benzyl ether (99% pure),
oleylamine (OLA, 70% pure), branched polyethylenimine
(PEI, 25000 kDa), oleic acid (OA, 90% pure), and chloroform
from Sigma Chemical Company (USA). Hexyl hydride was
obtained from Sinopharm Chemical Reagent (China).

2.2. Synthesis. Fe3O4 NPs were synthesized using the thermal
decomposition technique [29]. For this purpose, 2mmol of
Fe(acac)3, 10mmol of 1,2-hexadecanediol, and 6mmol of
OA and OLA were mixed in 20mL of benzyl ether in a
three-neck flask. The resulting solution was stirred under
N2 atmosphere. The solution was heated to 200°C and kept
at this temperature for 30min, after which it was heated to
300°C and refluxed for 1 h. The resulting solution was gradu-
ally cooled to room temperature. Fe3O4 NPs were rinsed with
ethanol several times and then suspended in chloroform.
0.004mM Fe3O4-chloroform suspension was then diluted
again in 1mM PEI-chloroform solution under constant stir-
ring at room temperature. After 48 h, hexyl hydride was
added into the suspension. The final product was PEI-
capped Fe3O4 precipitates, which were washed three times
with water and then dispersed in deionized water.

2.3. Photothermal Tests. Fe3O4 NP suspensions with different
concentrations were placed into centrifuge tubes. These sus-
pensions were then irradiated by lasers with different power
densities. Temperatures of these suspensions were recorded
every minute for 15 consecutive minutes. We also irradiated
Fe3O4 NPs that were placed in a thin plastic bag using a sim-
ilar empty bag as a reference.

2.4. Cytotoxicity Assay. Cells of 4T1 mouse breast cancer
cells were cultured at 37°C in 5% CO2 atmosphere using

RPMI-1640 as a medium with addition of fetal bovine
serum (10%), streptomycin (100μg/mL), and penicillin
(100U/mL). Prior to the assay, 4T1 cells were seeded in a
96-well plate (104 cells/well) for 12h, after which Fe3O4
NPs with different concentrations were added to each well.
Cultivation was performed at 37°C for 24h, after which
20μL of 5mg/mL methyl thiazolyl tetrazolium (MTT) was
added, and the cells were incubated for another 4 h. MTT
assay was performed to determine cell viabilities (relative to
the control), which was expressed as a percentage of the con-
trol. The final value represents an average one. The measure-
ment error represents standard deviation (SD).

2.5. Photothermal Treatment of Breast Cancer 4T1 Cells. 4T1
cells were incubated with 0.1mg/mL Fe3O4 NPs at 37

°C for
1 h. After the treatment, excess Fe3O4 was removed by rins-
ing with phosphate buffer saline, after which a standard
MTT assay (performed as described above) was implemented
to examine how Fe3O4 presence affected 4T1 cells. Another
series of 4T1 cells after incubation was irradiated by an
808 nm laser for 10min with 1W/cm2 power density with
or without an applied magnetic field. After the irradiation,
cell viability was also analyzed by MTT assay.

2.6. Characterization. Micromorphologies of the resulting
samples were obtained by transmission electron microscopy
(TEM) using an FEI Tecnai G2 S-Twin. Phase composi-
tions as well as their crystallinity degree were determined
by X-ray diffraction (XRD) using a D/MAX-RA XRD Rigaku
system with Cu Kα radiation at 50 kV and 300mA operating
voltage and current, respectively. Effect of the magnetic field
on the samples was obtained at 300K using an MPMS-
XL-5 5QUID magnetometer. The magnetic field was cycled
between −30 and +30 kOe. UV-vis-near-IR absorption
spectra were recorded using a PerkinElmer UV WinLab
spectrophotometer.

3. Results and Discussion

TEM analysis showed uniform monodispersed Fe3O4 NPs
(see Figure 1(a)) 5:5 ± 0:5 nm in diameter. XRD analysis con-
firmed that the resulting NPs were pure Fe3O4 with a cubic
inverse spinel structure (according to JCPDS 75-1610), as
shown in Figure 1(b).

Magnetic properties Fe3O4 NPs were obtained using a
field-dependent magnetization technique. Hysteresis loop
of Fe3O4 NPs at room temperature showed no hysteresis;
thus, our resulting Fe3O4 NPs were superparamagnetic (see
Figure 2(a)). Saturation magnetization of Fe3O4 NPs was
~39.5 emu/g, which indicates strong magnetism. Figure 2(b)
shows Fe3O4 NPs in an aqueous solution with and without
application of an external magnetic field. When suspended
Fe3O4 NPs were not subjected to the magnetic field, they
were well-dispersed and suitable for biological applications.
When a magnet was in contact with one side of the vial,
Fe3O4 NPs quickly separated from the aqueous solution
and attached to the vial wall near the magnet. As a result,
the solution became clear.
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Figure 1: (a) TEM micrographs and (b) XRD patterns of Fe3O4 NPs.
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Figure 2: (a) Magnetic hysteresis loop and (b) left-hand-side photograph of Fe3O4 NPs suspended in water under daylight. Right-hand-side
photograph shows a magnet in contact with the wall of the vial. The solution became clear because all Fe3O4 NPs were attracted by the magnet
and separated from the water.
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The absorption spectrum of the 0.1mg/mL suspension
of Fe3O4 NPs showed higher absorption intensity in the
visible region than in the NIR region (see Figure 3). How-
ever, the penetrability of visible light is not strong; it was
not to be used for biomedical applications. Although the
absorption intensity in the NIR region is not as strong
as that in the visible region, it is enough to produce excel-
lent photothermal performance, as shown in the following
photothermal test.

Photothermal performance of Fe3O4 NPs was tested by
measuring the temperature of aqueous suspensions con-
taining different contents of Fe3O4 NPs. These suspensions
were irradiated using different laser power densities and
wavelengths (see Figure 4). When the suspensions were
irradiated by an 808nm laser, higher temperatures were
observed in suspensions with higher Fe3O4 NPs contents
(see Figure 4(a)). For example, when a suspension con-
taining 0.05mg/mL of Fe3O4 NPs was irradiated by an
808nm laser for 10min, temperature increased 29.4°C.
However, in the case of 1mg/mL Fe3O4 NP suspensions,
laser irradiation increased suspension temperature by
46.3°C. More significant temperature increase for suspen-
sions with higher Fe3O4 NP contents was attributed to
more absorbed irradiation (because there were more parti-
cles in the suspension), which was then converted into
heat. Our control experiments with aqueous solutions con-
taining no Fe3O4 NPs showed only up to 4.4°C tempera-
ture increase upon the same laser irradiation conditions.

Laser power density also affected temperature increase.
Laser power density equal to 0.4W/cm2 was not enough
to produce significantly increased temperature of Fe3O4
NP suspensions (see Figure 4(b)). Temperatures of the
0.1mg/mL Fe3O4 NP suspension upon its 10min irradiation
with an 808nm laser at 1 and 2W/cm2 power densities were
increased 33.9 and 46.1°C, respectively.

We also studied temperature changes of Fe3O4 NP sus-
pensions upon their irradiation by lasers with different wave-
lengths (see Figure 4(c)). Irradiation by lasers with shorter
wavelengths increased suspension temperatures more than
irradiation with laser with longer wavelengths, which corre-
sponds to the results of our light-absorption experiments:
more energy was absorbed in the visible part of the spectrum
than in the NIR. However, the main reason of popularity of
photothermal treatments using NIR irradiation for biomedi-

cal applications is its strong penetrability into the tissues and
biological/physiological systems.

Photothermal conversion efficiency is an important
parameter to evaluate the photothermal properties of mate-
rials. To calculate the photothermal conversion efficiency of
Fe3O4 NPs, an energy balance on the system is required
[18, 26, 30]. The total energy balance for the system is

QMater +Q0 −Qoutput =〠micp,i
dT
dt

, ð1Þ

whereQMater is the heat generated by the material under laser
irradiation,Q0 is the heat generated by water under laser irra-
diation, Qoutput is the heat transferred from the system to the
environment, mi is the mass, and Cp,i is the heat capacity.

QMater = P 1 − 10−Aλ
� �

η,

η = QMater
P 1 − 10−Aλ
� � ,

ð2Þ

where P is the laser power, Aλ is the absorption intensity at
the excitation wavelength of λ (nm), and η is the photother-
mal conversion efficiency.

Qoutput = hs T − Tsurrð Þ, ð3Þ

where h is the heat transfer coefficient, s is the surface area of
the container, T is the solution temperature, and Tsurr is the
ambient surrounding temperature. In order to calculate hs,
the cooling stage is studied. After removing the laser excita-
tion, the heat generated by the system is stopped. Equation
(1) becomes

〠micp,i
dT
dt

= −Qoutput = −hs T − Tsurrð Þ: ð4Þ

Rearranging Equation (3)

dt = −
∑micp,i

hs
dT

T − Tsurrð Þ , ð5Þ

then integrating

t = −
∑micp,i

hs
ln T − T surrð Þ + b: ð6Þ

Let τ0 be the time constant for heat transfer from the
system

τ0 =
∑micp,i

hs
: ð7Þ

During solution cooling, the temperature decrease was
monitored. τ0 is calculated according to the temperature
changes of the solution as a function of time. Thus, hs
can be computed.
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Figure 3: Absorption spectra of Fe3O4 NPs in the 400-1000 nm
region.
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At the maximum steady-state temperature, the heat
transfer between the system and the environment reaches
equilibrium. The temperature is a constant.

dT
dt

= 0: ð8Þ

Equation (1) gives the expression

QMater =Qoutput −Q0: ð9Þ

Then, Equations (3) and (4) give the expression

η = hs T − Tsurrð Þ −Q0
P 1 − 10−Aλ
� � : ð10Þ

In order to further study the photothermal perfor-
mance of the Fe3O4 NPs, we recorded the temperature
change of the 1mL Fe3O4 NP suspensions at different
concentrations as a function of time under continuous dif-
ferent power densities of the 808nm laser irradiation until
the suspensions reached a steady-state temperature. Then,
the laser was turned off and the suspension was cooled
(see Figure 5(a)). The linear time data versus negative nat-
ural logarithm of the temperature driving force is obtained
by the cooling process as shown in Figures 5(b)–5(d).
According to the obtained data, the time constant of
0.1mg/mL Fe3O4 NP suspensions with an 808nm laser
irradiation at 2W/cm2 power densities is determined to
be τ0 = 559:3 s. The time constant of 0.5mg/mL Fe3O4
NP suspensions with an 808nm laser irradiation at
1W/cm2 power densities is determined to be τ0 = 487:3 s.
The time constant of 0.1mg/mL Fe3O4 NP suspensions
with an 808nm laser irradiation at 1W/cm2 power
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Figure 4: (a) Temperature increase of Fe3O4 NP suspensions with different concentrations (laser wavelength: 808 nm, laser power density:
1W/cm2). (b) Irradiated by a laser with different power densities (concentration: 0.1mg/mL, laser wavelength: 808 nm) and (c) irradiated
by lasers with different wavelengths (concentration: 0.1mg/mL, laser power density: 1W/cm2).
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densities is determined to be τ0 = 439:5 s. According to
Equations (7) and (10), the relevant parameters are input-
ted into the formula. The photothermal conversion effi-
ciency is about 2.23%, 4.64%, and 6.57%, respectively. It
can be seen that the photothermal performance of NPs
is not only contributed by absorption, but also determined
by photothermal conversion efficiency.

The mouse 4T1 breast cancer cells were selected to
investigate the toxicity of Fe3O4 NPs by standard MTT
assay. The 4T1 cells were incubated with different mass
concentrations of the Fe3O4 NP suspension at 37°C for
24 h. As displayed in Figure 6, the viability of cancer cells
was about 97.6% when the concentration of the Fe3O4 NP
suspension was 0.01mg/mL. With the increase of the
Fe3O4 NP concentration, the viabilities of cancer cells were
gradually decreased. But even when the concentration of
the Fe3O4 NP suspension was 1mg/mL, the viabilities of
cancer cells were still about 94.1%. It indicates the low cel-
lular toxicity of the Fe3O4 NPs.

To demonstrate the photothermal effect of Fe3O4 NP
suspensions for cancer treatment, we used mouse 4T1
breast cancer cells (see Figure 7). The cells with the
808nm laser irradiation at the power density of 1W/cm2

or 2W/cm2 for 10min had no significant cellular death.

As discussed above, the Fe3O4 NPs of 0.1mg/mL have lit-
tle cellular toxicity. However, after the 808 nm laser irradi-
ation at the power density of 1W/cm2 for 10min, the cell
viability reduced to 50.5% for 4T1 cells incubated with
Fe3O4 NPs. It reduced even more after application of an
external magnetic field. Under the external magnetic field,
the viability further reduced to 24.1% for the cells incu-
bated with Fe3O4 NPs. Thus, application of a magnetic
field significantly enhanced the photothermal effect of
Fe3O4 NPs.
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Figure 5: (a) Photothermal effect of the irradiation of Fe3O4 NP suspensions with an 808 nm laser. The suspension is irradiated for 15min
and cooled to room temperature under ambient environment. (b–d) Plot of cooling time versus negative natural logarithm of the temperature
driving force obtained from the cooling stage.
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Figure 6: Cytotoxicity of Fe3O4 NPs with different concentrations.
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4. Conclusions

We successfully prepared superparamagnetic Fe3O4 NPs
by the thermal decomposition method. These Fe3O4 NPs
demonstrated absorption in both the visible and NIR spec-
tra and were able to convert light energy into heat. High
concentration of Fe3O4 NPs in an aqueous suspension
and high power density as well as shorter wavelengths of
a laser resulted in a significantly more enhanced photo-
thermal effect of Fe3O4 NPs. Photothermal destruction of
cancer cells had the best efficiency when it was performed
with the application of an external magnetic field.
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